this work. The ZSM-5@500 sample with Si/Al ratio of 45 was provided by Süd-Chemie. 1 ZSM-5@800 with Si/Al ratio of 25 was purchased from Zeolyst. 2 3
Preparation of CZA catalyst 4
The CuO-ZnO-Al 2 O 3 precursor (Cu:Zn:Al = 60:30:10 atomic ratio) was prepared by 5 co-precipitation using a solution containing metal nitrates ( a sodium carbonate solution at constant pH (ca. 7) and constant temperature (70 ˚C) . The 7 suspension was continuously stirred and kept at the desired pH by adjustment of the relative 8 flow rates of the two solutions. The final suspension was aged under stirring at 70 ˚C for 1 h. 9
The precipitate was filtered off, repeatedly washed with sufficient amounts of deionized water 10 to remove residual sodium ions, dried at 110 ˚C overnight and then finally calcined at 350 ˚C 11 in flowing air for 6 h yielding the oxide CuO-ZnO-Al 2 O 3 (CZA) catalyst. 12 The hybrid catalysts were prepared by physically mixing the powders (under 150 13 mesh) of the prepared CZA catalyst and zeolite (5:3 wt/wt), pressing the mixture into tablets 14 and finally crushing them into granules before the reaction. 15 16 
Characterization 17
The chemical composition of the synthetized zeolites was determined by inductively 18 coupled plasma-atomic emission spectrometer (ICP-AES) OPTIMA 4300 DV Elmer). The BET surface area, pore volume and average pore diameter were determined by 20 N 2 physisorption using a Micromeritics ASAP 2000 automated system. The BET surface area 21 and pore size distribution in mesoporous silicas were measured using N 2 adsorption-22 desorption at -196°C. Each sample was degassed under vacuum at <10 μmHg at 300 °C for 4 23 h prior to N 2 physisorption. The total pore volume (TPV) was calculated from the amount of 24 vapor adsorbed at a relative pressure close to unity assuming that the pores are filled with the 25 condensate in liquid state. The pore size distribution curves were calculated from the 1 desorption branches of the isotherms using Barrett-Joyner-Halenda (BJH) formula [51] . The 2 catalyst external surface area and micropore volume were calculated using deBoer t-plot 3 method [52] . 4 The prepared samples were analyzed by X-ray diffraction using PANalytical X'pert 5 PRO MPD diffractometer with Cu-Kα monochromatized radiation (λ = 1.5418 Å, 45 kV, 40 6 mA). The measurements were performed in the range of Bragg's angles 2θ = 5-50°, step size 7 of 0.0167°, time per step of 99.68 s. 8
The TEM analysis were carried out on a Jeol 2100F (field emission gun) microscope 9 operating at 200 kV equipped with a probe corrector for the spherical aberrations. The point-10
to-point resolution reached was on the order of 2 Å under the parallel TEM mode and 1 Å 11 under the STEM mode. For a better chemical resolution, the micrographs were also acquired 12 in the HAADF mode by using a spot size of 1.1 Å with a current density of 0.5 pA*Å -1 .The 13 energy X-ray dispersive spectroscopic analyses have been performed by using a Li-Si EDS 14 detector with an energy resolution of 0.03 eV. Prior to the analysis, the sample was dispersed 15 by ultrasound in ethanol solution for 5 min, and a drop of solution was deposited onto a 16 carbon membrane onto a 300 mesh-copper grid. 17 The infrared spectra were recorded with a Nicolet Magna 550-FT-IR spectrometer at 4 18 cm -1 optical resolution. Prior to the measurements, each sample was pressed into self-19 supporting disc (diameter: 2 cm, 13 mg) and pretreated in the IR cell attached to a vacuum 20 line at 120°C (0.33 °C/min) for 1.5 h first and then at 500 °C (1.27 °C/min) for 2 h under the 21 pressure of 10 -6 torr. The adsorption of pyridine and lutidine (2,6-dimethylpyridine) was 22 performed at 150 °C. After establishing a pressure of 1 Torr at equilibrium, the cell was 23 evacuated at room temperature. In order to study the strength of the interactions between the 24 zeolite and the probe molecules, the samples were heated to 50-400 °C (step 50 °C) and the 25 spectra were taken at each temperature. Then, the amount of Brӧnsted acid sites at each 1 desorption temperature was calculated from the integrated area of the bands (after background 2 subtraction) of adsorbed pyridine at ca. 1545 cm −1 and 1490 cm -1 or from the bands of 3 adsorbed lutidine at 1610 and 1640 cm -1 using the extinction coefficients reported by Emeis 4 [53] and Onfroy [54] . 5
The electron micrographs were obtained by MIRA-LMH (Tescan) scanning electron 6 microscope (SEM) equipped with field emission gun. 27 Al MAS NMR spectra were recorded 7 on a Bruker Avance III (11.7 T) spectrometer using 4 mm-OD zirconia rotors and a spinning 8 frequency of 14 kHz. Pulse recycling delay was 1 s and a pulse length of 2.5 microseconds 9
(π/12, selective pulse was applied). The chemical shifts were referred to a 0.1 M aqueous 10 solution of 0.1 M Al(NO 3 ) 3 . The acquired spectra were normalized with respect to the mass of 11 the corresponding sample. 12 13
Catalytic tests 14
The DME synthesis reaction was carried out in a fixed-bed stainless-steel tubular 15 reactor (d int =8 mm) operating at high pressure. The catalyst loading was typically 0.5 g. 16 Before reaction, the samples were reduced in hydrogen flow with the flow rate of 30 cm 3 /min. 17
During the reduction, the temperature was increased to 290 ˚C with a heating rate of 2˚C/min 18 and then kept at this temperature for 7 h. After reduction, the hydrogen flow was switched to 19 syngas mixture with H 2 /CO molar ratio of 2. The reaction was carried out at 260 ˚C under a 20 pressure of 20 bar maintained using a back pressure regulator, and the gas hourly space 21 velocity (GHSV) of 3600 cm 3 /g/h. The tests were conducted continuously for at least 100 h in 22 order to evaluate the deactivation behavior of the cataysts. Carbon monoxide contained 5% 23 nitrogen, which was used as an internal standard for conversion and selectivity calculations. 24 The products were sampled from the high pressure side and analyzed using an online gas 25 13 chromatograph with TCD (N 2 , CO, CO 2 and CH 4 ) and FID (MeOH, DME and hydrocarbons) 1 detectors. 2 3
Results 4

Zeolite morphology and texture 5
The XRD patterns of the ZSM-5 samples are shown in Figure 1 . The patterns are 6 almost identical, as all the diffraction peaks obtained can be indexed to MFI-type structure 7 [55] . The high peak intensities and absence of the baseline drift in diffraction patterns of both 8 as-synthesized and commercial ZSM-5 zeolites indicate good crystallinity. 9
Scanning electron microscopy (SEM) is an efficient tool for investigation of zeolite 10 morphology. Representative SEM micrographs of zeolite samples are displayed in Figure 2 . 11
The zeolites synthetized in this work (ZSM-5@65, ZSM-5@80, ZSM-5@95 and ZSM-12 5@110) exhibit crystallites in the nano-scale range with size below 200 nm. The crystallite 13 size increases as the crystallization temperature increases from 100 to 170°C, whereas single 14 crystallites dominate the product synthesized at 150°C and 170°C. According to the SEM 15 study the solids obtained at 100°C and 120°C are intergrown agglomerates. Differently to the 16 samples synthetized in this work, the commercial ZSM-5@500 and ZSM-5@800 contain 17 larger crystallite aggregates which involve a larger number of individual zeolite nanocrystals. 18
The average sizes of zeolite particles determined by SEM are given in Table 1 . The average 19 particle size of ZSM-5 samples varies from 63 nm in ZSM-5@65 sample to 810 nm in ZSM-20
5@800. 21
The isotherms of nitrogen adsorption-desorption on the zeolites are shown in Figure  22 3a. The BET surface area of the zeolites varies between 305 and 400 m 2 /g. As expected, the 23 external surface area also varies with the sizes of the zeolite individual crystallites. The 24 isotherms of all the zeolites exhibit an uptake at low partial pressure indicative of the presence 25 of micropores. The ZSM-5@800 sample displayed a Type-I isotherm, fast uptake at low 1 relative pressure is followed by plateau without hysteresis, which is usually observed for 2 microporous materials with relatively low external surface areas [15] . Other zeolites exhibit a 3 combination of Type I and IV isotherms which besides the uptake at low relative pressure 4 exhibit a hysteresis loop at high relatively pressure (P/P o > 0.8). The presence of hysteresis at 5 high relative pressures indicates the presence of larger meso-and macropores. The H1 type 6 hysteresis is usually attributed to filling and emptying of cylinder mesopores of rather 7 constant cross section [56] . The BJH mesopore size distribution curves are shown in Figure  8 3b. The evaluation of average mesopore sizes using BJH method gives the values between 25 9 and 50 nm in the zeolite samples. It is worth mentioning that the mesopore diameter increases 10 with the increase in the zeolite crystallite sizes from ZSM-5@60 to ZSM-5@110. 11 27 Al MAS solid state NMR spectra ( Figure 4) were collected for selected samples in 12 order to determine the effect of particle size on the environment around the aluminum atoms 13 in the framework. The spectra display a strong peak with chemical shift of 50 ppm, which 14 corresponds to tetrahedrally coordinated framework aluminum [57] . Additionally, a weak 15 peak was observed at 0 ppm indicating the presence of a small amount of extra framework 16 octahedrally coordinated aluminum in the samples. The intensity of the signal at 50 ppm is 17 weaker on ZSM-5@65 and ZSM-5@80, indicating their lower framework Al content. Closer 18 inspection of the corresponding 27 Al NMR spectra reveals also the presence of a peak at 19 29 ppm that could be attributed either to perturbed tetrahedrally coordinated or penta-20 coordinated aluminum in these two samples. Therefore 27 Al NMR results indicate, however, 21 lower amount of tetrahedral Al in very small zeolite nanoparticles (Table 1 in Supporting  22 Material) in ZSM-5@65 and ZSM-5@80 zeolites. This suggests lower concentration of 23
Brönsted acid sites in smaller nanoparticles compared to the samples with large ones. Further 24 remark is the observation that the total intensity of the signals in the spectrum of sample 25 ZSM-5@95 is stronger than the other samples. The possible reason for this is the fact that 1 despite of high crystallinity the presence of amorphous phase in quantities below XRD 2 detection limit as well as highly distorted Al species which are thus "NMR invisible" in the 3
samples cannot be excluded. Only tetrahedrally coordinated Al 3+ ions are found in the 4 commercial samples. 5 6
Zeolite acidity 7
To study the influence of morphology on the concentration and acidic properties of 8 ZSM-5 hydroxyl groups, we have investigated their FTIR spectra. The FTIR spectra exhibit 9
an intense peak at 3740 cm -1 , which can be attributed to silanol hydroxyl groups on the 10 external zeolite surface or silanol groups related to the defect sites [58] . A peak at 3620 cm
is also observed which can assigned to the bridged Si-OH-Al groups which correspond to the 12 zeolite Brönsted acid sites [59] . The intensity of the FTIR band at 3620 cm -1 assigned to the 13 bridged hydroxyl groups increases with the increase in zeolite crystallite sizes from ZSM-14 5@65 to ZSM-5@110. 15 The band at 3740 cm −1 can be decomposed into three bands, i.e., 3745 cm -1 , 3735 cm -1
16
and 3726 cm -1 , which are assigned to external, intracrystalline and silanols in zeolite channels, 17 respectively [60, 61] . The shape of this band, which differs in studied samples, is a function of 18 the contribution of each of these silanols. ZSM-5@65 and ZSM-5@80 have larger external 19 surface area due to very small crystallites and respectively the band at 3745 cm -1 is more 20 intense. Less intense and broader band was observed in the samples with lower external 21 surface area, namely ZSM-5@95 and ZSM-5@110. The peaks related to internal silanol 22 groups clearly indicate the presence of defect sites in the zeolite framework. The highest 23 amount of internal silanols was observed in ZSM-5@65 and ZSM-5@80 samples, which are 24 synthesized at relatively low crystallization temperature. The results are consistent with the N 2 25 16 adsorption and 27 Al MAS NMR data which revealed somewhat lower crystallinity of these 1 samples. It should be noted that the home made nano ZSM-5 samples exhibit a peak at about 2 3670 cm -1 . These peaks might be associated with extra framework aluminum species, which is 3 in good agreement with the 27 Al MAS NMR study [62] . 4
The FTIR spectra of adsorbed pyridine (Py, pK b =3.5) were used for characterization of 5 both Brӧnsted and Lewis acidic sites in the zeolites [63] . The IR spectra of the zeolites with 6 pyridine adsorbed at 150 °C are shown in Figure 6 suggest that smallest nanoparticles contain less Brønsted and Lewis acid sites than larger ones 21 that might be related with specific conditions of the synthesis of the nanosized crystals. 22
In general, the Lewis acid sites are related with the presence of extra framework metal 23 species. Therefore an analysis of 27 Al MAS NMR spectra was performed. The deconvolution 24 of the spectra allowed evaluating the fraction tetra-, penta-and octahedrally coordinated 25 aluminum (Table S1) . No correlation between the number of extra framework aluminum and 1 the number of Lewis acid sites was found. Hence, one may conclude that not all extra 2 framework aluminum species act as Lewis acid sites. It should also be noted that the two 3 industrial samples exhibit solely a tetrahedral aluminum, yet they poses a notable amount of 4
Lewis acid sites. Although special precautions were taken the presence of "NMR invisible" 5 aluminum cannot be excluded, which make difficult the correlation between solid state NMR 6 and IR data. 7 8
Acidity of the external surface of zeolite crystallites 9
The zeolite acidity on the external surface of zeolites was characterized by lutidine 10 (2,6-dimethylpyridine, pK b =8.7) adsorption. The diameter of lutidine (6.7 Å) is larger than the 11 channel diameter of ZSM-5 zeolites. This molecule is often used for evaluation of the acid 12 sites located on the external surface and in the meso-and macropores of zeolites [64] . The 13 FTIR spectra of adsorbed lutidine are shown in Figure 7 . The spectra show the FTIR bands at 14 1610 and 1640 cm -1 which can be assigned to the lutidine molecules adsorbed on the Brönsted 15 sites located on the outer surface of the zeolites. The amounts of adsorbed lutidine were 16 calculated using the extinction molar coefficients of protonated lutidine [54] . The amounts of 17 adsorbed lutidine are shown in Table 1 . The concentration of protonated lutidine is also 18 different for the zeolite with different crystallite sizes, followed by the order: ZSM-19
Characterization of the CZA methanol synthesis catalyst 22
The CZA catalyst was prepared using conventional coprecipitation. The XRD patterns 23 of the calcined CZA catalyst are presented in Figure S2 (SM). They are consistent with 24 previous reports [65, 66, 67] detected. The thickness of the Cu metallic layer varies from a few to 15 nm ( Figure S3 , SM). 7
The H 2 -TPR profile ( Figure S4 , SM) of the CZA catalyst exhibits a broad reduction 8 peak at 270 °C. The peak integration suggests that in the temperature range from room 9 temperature to 400 °C, hydrogen consumption corresponds to the reduction of CuO into 10 metallic copper. The TPR profiles of the CZA are also consistent with previous reports [65] . 11 12
Catalytic performance in direct DME synthesis 13
The catalytic performance data of mechanical mixtures of CZA and zeolite with 14 different crystallite sizes at 260°C and 20 bar are given in Figure 8 and Table 2. Dimethyl  15 ether, methanol, carbon dioxide, hydrocarbons and water were the major products of carbon 16 monoxide hydrogenation. reports [40] suggest that the deactivation of CZA/ZSM-5 catalysts can be due to several 20 phenomena: copper sintering, copper oxidation and migration to the cationic positions of 21 zeolite, coke deposition. 22
Interestingly, carbon monoxide conversion rate is principally affected by the zeolite 23 particle sizes. Higher reaction rate is observed on the catalysts containing smaller individual 24 zeolite crystallites, while the reaction rate was much lower on the catalysts containing larger 25 zeolite crystallite agglomerates (CZA-ZSM-5@500, CZA-ZSM-5@800). At GHSV=3600 1 cm 3 /g cat h (Table 2) , the CO conversion showed the following order of activity for the hybrid 2 catalysts: CZA-ZSM-5@95 > CZA-ZSM-5@110 > CZA-ZSM-5@80 > CZA-ZSM-5@65 > 3 CZA-ZSM-5@500 > CZA-ZSM-5@800. The CO conversion profiles over the CZA-ZSM-5 4 hybrid catalysts widely varied with the particle size of ZSM-5: nano-sized ZSM-5@95, ZSM-5 5@110, and ZSM-5@80 maintained CO conversion of 83.2%, while the ZSM-5@500 and 6 ZSM-5@800 zeolites exhibited lower CO conversion. The catalytic results obtained at carbon 7 monoxide conversion between 60 and 80% indicate much slower deactivation of the hybrid 8 catalysts constituted by smaller individual zeolite crystallites. The following order relative to 9 the deactivation rate was observed for the studied catalysts: CZA-ZSM-5@800 > CZA-ZSM-10
To evaluate in a more comprehensive manner the influence of the carbon monoxide 12 conversion on the reaction selectivity, the catalytic tests with the hybrid CZA/ZSM-5 catalysts 13
were conducted at different gas spaces velocities. The results are shown in Table 2 . As 14 expected, higher gas space velocity leads to lower carbon monoxide conversion which was 15 accompanied by noticeable modifications in the selectivity patterns. DME synthesis is a 16 consecutive reaction which involves carbon monoxide hydrogenation to methanol followed 17 by methanol dehydration. The selectivity of carbon monoxide hydrogenation could be 18 dependent on the conversion level. Methanol is a primary product of carbon monoxide 19 hydrogenation. As expected, the selectivity to methanol is higher at lower carbon monoxide 20 conversion. At higher conversions, however, only very small amounts of methanol are 21 produced. Note that even at the same conversion level, higher methanol selectivity (at the 22 expense of DME selectivity) was observed on the catalysts with larger zeolite agglomerates 23
(CZA-ZSM-5@500 and CZA-ZSM-5@800). Carbon dioxide selectivity however is not 24 influenced by carbon monoxide conversion. Higher selectivity to carbon dioxide at different 25 20 conversions can be due to very high rate of water gas shift reaction under the reaction 1 conditions. Carbon dioxide formation is also favored by thermodynamics. Hydrocarbons are 2 only present in trace amounts; their selectivity is not much affected by carbon monoxide 3
Zeolite particle sizes and performance of bifunctional hybrid CZA-ZSM-5 7
catalysts for DME synthesis 8
The present work reveals a strong impact of zeolite particle size on the catalytic 9 performance of CZA-ZSM-5 catalyst in direct DME synthesis from syngas. DME synthesis 10 involves bifunctional catalysts. Carbon monoxide hydrogenation to methanol occurs on 11 copper catalysts, while methanol dehydration involves the ZSM-5 zeolite. Methanol synthesis 12 over the copper catalysts at 260 °C is a reversible reaction. At the reaction temperatures 13 employed in this work, the yield of methanol from H 2 /CO over a methanol synthesis catalyst 14 would be principally dependent on the thermodynamic equilibrium rather than on the reaction 15 kinetics. Addition of methanol dehydration function to the methanol synthesis catalysts shifts 16 the thermodynamic equilibrium and favors DME formation. Methanol dehydration involves 17 the zeolite acid sites [68] . In binfunctional copper zeolite catalysts the DME yield could be a 18 function of the rates of both methanol synthesis and methanol dehydration. The concentration 19 and distribution of zeolite acid sites is therefore important for DME productivity. 20 The results obtained in the present work show that in addition to the zeolite acidity, the 21 zeolite crystallite size and crystallite aggregation can also strongly affect the rate of direct 22 DME synthesis. The rate of carbon monoxide conversion versus reciprocal zeolite particle 23 sizes is shown in Figure 9 . Higher DME production rates were observed on the catalysts 24 containing smaller zeolite crystallites, while the reaction rate was much lower in the catalysts 25 with larger zeolite aggregates. Surprisingly, that zeolite size has even a more significant effect 1 of the reaction rate than the concentration of Brönsted acid sites. Indeed, the overall 2 concentration of Brönsted acid sites measured by Py adsorption was higher in ZSM-5@500 3 and ZSM-5@800 than in the ZSM-5@65, ZSM-5@80, ZSM-5@95 and ZSM-5@110 which 4 contain smaller particles. ZSM-5@500 and ZSM-5@800 are built up of smaller but heavily 5 intergrown crystallites. This limits the access to crystallite surface. Despite of lower 6 concentration of zeolite acid sites, much higher carbon monoxide DME production rate was 7 observed on the catalysts containing smaller highly accessible zeolite particles. 8
The concept of multi-functional catalysis was developed by Weiss [69] . It was 9
suggested that in bi-functional catalysis, the kinetic steps of the consequent reactions are 10 coupled to each other through the processes of diffusion of these intermediates from one type 11 of sites to another. The two types of active sites in bifunctional catalysts should be as closer as 12 possible for higher catalytic activity and selectivity [70] . Depending on the diffusion rate of 13 the reaction intermediates, the observed influence of the zeolite particle size on the rate of 14 DME synthesis can be due to at least two different phenomena. First, it can be assumed that in 15 bifunctional CZA-ZSM-5 catalysts methanol dehydration preferentially occurs on the zeolite 16 external surface or in the mesopores. Because of diffusion limitations under the reaction 17 conditions, the acid sites located inside the zeolite crystallite would be less accessible for the 18 reacting molecules. However, our recent work [40] has ruled out this hypothesis. In this work 19 the zeolite external surface was silylated with TEOS in order to reduce its acidity. The 20 catalytic data obtained with silylated zeolites did not shown any significant decrease in the 21 reaction rate. It seems that the dehydration proceeds with similar rate over the acid sites 22 located on the outer surface and in the pore of the zeolites. This suggests that the acidity of 23 zeolite external surface or mesopores is not a determining factor for higher carbon monoxide 24 hydrogenation rate. 25 
22
The second hypothesis which can explain the positive effect of smaller zeolite 1 crystallites on the catalytic performance can be assigned to the enhanced transport of 2 methanol produced on the CZA catalyst to the ZSM-5 crystallites for dehydration. In this 3 case, smaller zeolite particles (crystallites or agglomerates) reduce methanol transport 4 limitations and diffusion path inside the zeolites. The dehydration in this case occurs both 5 inside the zeolite crystallite and on the external surface. The reaction rate is probably strongly 6 affected by the methanol transport from the methanol synthesis catalyst to the zeolite external 7 surface which serves as an interface between hydrogenation and acidic component in the bi-8 functional catalysts. The rate of methanol transfer depends on the interface between CZA and 9 ZSM-5 phases which could be much larger for smaller zeolite particles. Smaller crystallite 10 sizes or mesopores lead to shortening the diffusion path lengths and improve transport of the 11 reaction intermediates [71] . The presence of larger zeolite agglomerates in ZSM-5@500 and 12 ZSM-5@800 makes the contact between the methanol synthesis catalyst and zeolite more 13 difficult. Figures 10 and 11 show STEM-HAADF micrographs of the CZA-ZSM-5@500 14 catalysts prior and after reaction, respectively. It can be seen that the contact between CZA 15 and ZSM-5 components is strongly affected by the size and roughness of the zeolite particles. 16 The zeolite grain size ranges from tens of nm up to few hundred of nm. A poor contact 17 between methanol synthesis catalysts and zeolite agglomerates in the catalyst prepared by 18 mechanical mixing leads to significant transport limitations for methanol and thus to lower 19 overall reaction rate. 20
The influence of transport phenomena on the reaction rate and selectivity was 21 previously observed for hydroisomerisation reactions occurring on Pt/zeolite catalysts. 22
Guisnet et al. [72] showed that the rate and selectivity of n-C 16 The hypothesis about enhanced transport of the reaction intermediates in the catalysts 2 containing smaller zeolite crystallites is also consistent with the selectivity data measured for 3 the catalysts containing zeolite with variable crystallite sizes. Higher methanol selectivity 4 systematically was observed on CZA-ZSM5@500 and CZA-ZSM-5@800 at different 5 conversion levels. This indicates much slower methanol dehydration on the catalysts 6 containing larger zeolite particles which probably arises due to the mass transfer limitations. 7 Our results suggest that in addition to the size for individual zeolite crystallites, the presence 8 of zeolite agglomerates may also significantly affect the rate of catalysts reactions in 9 bifunctional catalysts. Indeed, the rate of diffusion seems to be limited not by individual 10 zeolite crystallite sizes but by the diameter of zeolite intergrown agglomerates. 11 12
Catalyst stability 13
The bifunctional CZA-ZSM-5 catalysts for direct DME synthesis prepared using 14 zeolites with a wide range of crystallite sizes showed different stability. Nano-sized ZSM-15 5@95, ZSM-5@110, and ZSM-5@80 did not show appreciable deactivation for up to 100 h, 16 while the ZSM-5@800 and ZSM-5@500 zeolites are noticeably deactivated. The fact that the 17 deactivation took place on a sample containing small crystallites (ZSM-5@500), which are 18 heavily agglomerated and thus built larger particles, show that the accessibility to zeolite 19 crystals is of paramount importance. Catalyst deactivation was more significant at higher 20 carbon monoxide conversion (60-80%). First, we evaluated the role of total zeolite Brönsted 21 acidity in the catalyst deactivation. No reasonable correlation between the deactivation rate 22 and total concentration of Brönsted acid sites measured using Py adsorption was observed. 23
The deactivation CZA-ZSM-5 catalysts can be due to several phenomena: copper 24 sintering [35] copper oxidation, carbon deposition… Copper sintering was observed in this 25 work by TEM. From the electron microscopy micrographs, Cu-based nanoparticles deposited 1 on the support under two configurations were observed: nanoparticles with sizes from 1 to 7 2 nm (see the histogram in Figure 10 accounting for the size of 150 nanoparticles) onto ZSM-5 3 and those homogenously covering the Zn oxide and alumina grains by following the grains 4 geometry (light contrast in the STEM-HAADF micrographs). After reaction, the particles size 5 increases significantly to values comprised between 7 and 25 nm and a mean value centered at 6 about 15 nm. The detailed mechanisms of deactivation of hybrid copper-zeolite catalysts have 7 been further disclosed in previous reports. Those reports emphasize the role of external zeolite 8 surface in catalyst deactivation. Garcia-Trenco et al [74] attributed deactivation of hydride 9 CZA-ZSM-5 catalyst to the aluminum extra framework species located at the surface of 10 contact between the CZA and zeolite particles. It was suggested that these species could 11 migrate to the CZA catalyst during DME synthesis through a water-assisted mechanism, 12 modifying the interaction between Cu and ZnO x . On the basis of ex-situ characterization 13 conducted in our recent report [40] , deactivation of CZA-ZSM-5 catalyst was attributed to 14 copper sintering, oxidation and ion exchange, which are enhanced in the presence of higher 15 concentration of Brönsted acid sites on the external surface of zeolite. Indeed, Figures 10 and  16 11 show significant increase in copper particle size during the reaction from few nm up to few 17 tens of nm. The deactivation was slowed down by neutralization of the acid sites on the 18 zeolite outer surface with tetraethyl orthosilicate. 19
In order to further clarify the effects of the external surface acidity on the deactivation 20 of hybrid catalysts with variable zeolite crystallites, the deactivation rates of different 21
catalysts were compared as a function of the concentration of Brönsted acid sites on external 22 zeolite surface area. The surface sites on the external surface of zeolite were measured by 23 lutidine adsorption. Figure 12 shows the catalyst deactivation rate measured at carbon 24 monoxide conversion of 50-80% versus the concentration of Brönsted acid sites on the 25 external surface of zeolites estimated from the lutidine adsorption. A more rapid deactivation 1 occurs on the catalysts with higher concentration of acid sites on the external surface. Very 2 high concentration of Brönsted sites on the external surface of ZSM-5@800 (Table 1) leads to 3 a higher deactivation rate. At the same time, ZSM-5@95 which has a lowest surface acidity 4 on the external surface showed better stability. In agreement with previous report [40] , higher 5 surface acid sites of zeolite could lead to intensification of the Cu migration, which results in 6 copper sintering during DME synthesis. A decrease in the number of acid sites on the zeolite 7 external surface can lead therefore to better catalyst stability. 8 9
Conclusion 10
The obtained results point out a correlation between the performance of bifunctional 11
hybrid CZA-ZSM-5 catalysts for direct DME synthesis and zeolite particle sizes. The catalyst 12 containing smaller individual zeolite crystallites showed higher carbon monoxide conversion 13 rates and higher DME productivities. The observed effects were attributed to the methanol 14 transport phenomena in bifinctional hybrid catalysts from the copper catalyst to the zeolite 15 acid sites. The methanol transport is enhanced in the catalysts containing smaller zeolite 16 crystallites, while the presence of crystallite intergrown agglomerates introduces diffusion 17 limitations. The influence of zeolite particle sizes on the catalytic performance seems even 18 more significant than the effect of total concentration of zeolite Brönsted acid sites. 19 The catalysts showed noticeable deactivation with time on stream. The deactivation 20 rate was correlated with the concentration of Brönsted acid sites on the external surface of 21 zeolite crystallites. Lower concentration of Brönsted sites on the zeolite external surface leads 22 to a less rapid deactivation and better stability of copper-zeolite hybrid catalysts. 23 The results obtained in this manuscript indicate a new methodology for catalyst design 24 for direct DME synthesis from syngas. Smaller zeolite ZSM-5 crystallite size and lower 25 concentration of Brönsted acid sites on the zeolite external surface seem to be beneficial for 1 the design of active, selective and stable hybrid CZA-ZSM-5 catalysts for direct DME 2 synthesis from syngas. Brönsted acid sites on the zeolite external surface measured by lutidine adsorption. 8 9 
